Human activity is contributing increasing noise to marine ecosystems. Recent studies have examined the effects of boat noise on marine fishes, but there is limited understanding of the prevalence of this type of sound source. This investigation tracks vessel noise on three reefs in the US Virgin Islands National Park over four months in 2013. Ambient noise levels ranged from 106 to 129 dB rms re 1 lPa (100 Hz-20 kHz).
Introduction
Anthropogenic noise is increasingly prevalent in the global ocean (reviewed in Hildebrand, 2009) . Human activities such as shipping, pile driving, geophysical exploration, and sonar all introduce noise into the marine environment and this noise can propagate over a range of spatial scales (Urick, 1984) . Anthropogenic noise may affect the behavior and physiology of marine organisms from invertebrates (Beets and Friedlander, 1998; Pine et al., 2012) to fishes (Popper and Hastings, 2009 ) and marine mammals (Di Iorio and Clark, 2010) . However, noise levels and their effects are largely unknown (Slabbekoorn et al., 2010) .
Much of the documented increase in ocean noise levels has been attributed to commercial shipping activities (Andrew et al., 2002; Chapman and Price, 2011; McDonald et al., 2006) and has primarily been quantified for open-ocean environments. However, small boats can act as transient, high-amplitude noise sources (e.g. Erbe, 2002) . These vessels are often operated in near-shore, coastal waters within a range of ecosystems (e.g. Codarin et al., 2009) . At present, the extent to and timescales over which small vessel traffic increases ambient noise levels are unknown for most habitats.
As ocean noise increases, so does concern for its impacts on the behavior and physiology of marine animals. Effects have been documented from both transient and continuous anthropogenic noise, with research largely focusing on high-amplitude sources such as air guns (e.g. Fewtrell and McCauley, 2012; McCauley et al., 2003; Popper et al., 2005) . However, there is growing evidence that small boat noise can impact fishes. Exposure to boat noise from a range of vessels disrupted schooling behavior in captive bluefin tuna, which the authors argued could affect feeding if a similar response occurred in wild tuna (Sara et al., 2007) . Playbacks of vessel noise in the lab raised hearing thresholds for three species of Mediterranean fish, particularly in the frequency range where acoustic communication takes place (Codarin et al., 2009) . There is some evidence that boat noise may disrupt orientation behavior in captive larval fish (Holles et al., 2013) ; however, the extent to which this may occur in the wild is unknown.
Vessel sounds may also help quantify how often boats enter areas of interest. While commercial ship activity can be tracked via Automatic Identification System (AIS) software (Hatch et al., 2008) , this technology is typically not used aboard smaller boats. However, small boat presence can be tracked through vessel engine noise (Lammers et al., 2008) . Listening for this noise may offer resource managers a way to track the occurrence of at least some boats. Such a tool may be particularly valuable in marine protected areas or locations that are not easily accessed or monitored visually.
In light of these data limitations on small boat noise prevalence and characteristics in coastal waters, and the potential utility of boat noise as means of tracking small vessel activity, the purpose http://dx.doi.org/10.1016/j.marpolbul.2015.06.047 0025-326X/Ó 2015 Elsevier Ltd. All rights reserved. of this investigation was to characterize the diel, weekly and summer trends in boat noise at three coral reefs located off the island of St. John in the U.S. Virgin Islands National Park. St. John contains a popular marine park, seeing ca. 500,000 visitors per year, many of whom use boats to access local reefs. The island is nearly 60% National Park, with the Park containing ca. 5650 acres of submerged coral reefs, mangrove, and seagrass habitats. It is also a system under stress, seeing declines in coral cover in recent years (Edmunds, 2013) . The quantification of potential stressors such as boat noise is needed to gauge the extent of human activity in this ecosystem. The results present a means to potentially track boat occurrence and noise levels in areas of interest.
Methods
Three reefs located in the US Virgin Islands National Park were instrumented with acoustic recording devices for ca. four months, starting in April 2013 (Fig. 1 ). Reefs were chosen based on long-term survey data (Edmunds, 2013 ) and a rapid, preliminary visual survey of 10 reefs in the area. Two of these -Tektite and Yawzi Point -have been studied for 25 years (see Edmunds, 2013 for review). The third reef -Ram Head -was selected as a comparison site. Mooring balls were located near each of these reefs, some of which were for daytime use only while others could be used for overnight mooring. Tektite ranged from 9-18 m depth and consisted of a large sloping reef face, Yawzi ranged from 5-10 m depth and was composed of a large mound that sloped down to sand, and Ram Head ranged from 8-13 m and was mostly flat, with patch reef sparsely located throughout the site. All three reefs were similar in distance from shore and wave exposure ( Fig. 1 ).
Recordings were collected using two types of autonomous underwater recording devices: the DMON (Woods Hole Oceanographic Institution, Woods Hole, MA) and the DSG (Loggerhead Instruments, Sarasota, FL). The DMONs were configured with a low-noise preamplifier (20 dB gain), 13.2 dB user programmable gain, a 6-pole Sallen-Key anti-alias filter, a 16-bit analog-to-digital converter, and 32 GB of FLASH memory. We programmed the DMON to record on two hydrophone (Navy type II ceramics) channels: LF (16 kHz sample rate with an anti-aliasing filter at 7.5 kHz and high pass filter at 8 Hz) and MF (120 kHz sample rate with an anti-aliasing filter at 50 kHz and high pass filter at 100 Hz). The DSG records on a single-channel at 80 kHz sample rate using a HTI-96 hydrophone (High-Tech Inc., Gulfport, Mississippi) and contains a 16-bit computer board. There is a user-selectable gain setting; for these recordings, 20 dB was used, which results in a high-pass filter being implemented at 80 Hz. Two concrete moorings (ca. 100 lbs in air) were prepared for each reef. Mooring one consisted of a DMON with customized duty-cycling software (2.5 min/2 h, 2% duty-cycle) and a DSG Boat noise and any other sporadic noise was identified visually and confirmed aurally using long-term spectral average (LTSA) plots created in Triton (version 1.90; Scripps Whale Acoustics Lab, San Diego, CA). The LTSAs were computed with 2 s averages and in 200 Hz bins. Boat noise events were summed by hour of day, week and month to describe the temporal distribution across the sampled periods. All acoustic analyses were carried out in Matlab 8.1 (The MathWorks, Inc., Natick, MA) Analyzed files were corrected for calibrated hydrophone sensitivity and resampled to 44 kHz because frequencies higher than 22 kHz were not of interest for this study. Spectral analysis used Fast Fourier Transform (FFT) size of 880 points with a Hamming window and no overlap, which yielded a spectral resolution of 50 Hz and a temporal resolution of 20 ms. Each 60-s sound file was band pass filtered (100-20,500 Hz) and median peak frequency (the frequency with the highest power) and percentiles were calculated for the day (06:00-18:00) and night (20:00-04:00) periods. The median was used because of the wide range in peak frequencies and the potential for outliers to bias estimates. Median sound pressure level (SPL) and percentiles in root-mean-square (dB rms ) were calculated separately for three frequency bands -a low-frequency fish band (100-1000 Hz), a high-frequency snapping shrimp band (2-20 kHz) and the full bandwidth (100-20,000 Hz).
Medians were compared statistically using Kruskal-Wallis tests and the critical p-value was corrected for multiple comparisons using the Bonferroni correction.
Results
Boats were detected at all three reefs throughout the deployment period (Fig. 2C) . Tektite had the highest number of detections, followed by Ram Head and Yawzi (Table 1) . Consequently, the Tektite deployment had the highest proportion of recordings that contained boat noise. In addition, approximately one quarter of deployment days were free of vessel noise at Tektite, whereas roughly half of the deployment days were free of vessel noise at Yawzi and Ram Head. Similarly, Tektite was exposed to the highest proportion of boat noise nearly every day of the week (Fig. 2B ). There were no significant differences in boat presence by day of week (Tektite: v Fig. 2A ). At Tektite, the hours of 08:00, 20:00 and 22:00 showed the greatest proportions of boat noise. There was a substantial decrease in boat detections in the early morning hours (00:00-04:00) and a brief lull around 10:00-12:00 at all reefs.
Ambient noise levels at the three reefs ranged from 88 to 130 dB in the low-frequency band (100-1000 Hz), 106-126 dB in the high-frequency band (2-20 kHz), and 106-129 dB in the full band (100-20000 Hz; Table 2 ). Power spectral density followed a roughly similar pattern at all three reefs, with elevated low frequency sound levels, a trough between 2 and 5 kHz and elevated sound levels from 5 to 15 kHz (Fig. 3) .
There were notable differences in sound intensity between sound files that contained boat noise and those that did not for a given reef and at a given time of day. Median low-frequency SPL was always significantly higher in the presence of boat noise (Fig. 4 and Table 3 ) and was elevated by up to 10 dB during the day and by up to 7 dB at night compared to sound files without boat noise.
There were also spectral differences among sound files based on the presence of boat noise. Median peak frequency was significantly lower in the presence of boat noise during the day but not at night for all three reefs (Fig. 5 and Table 3 ).
Sound files with boat noise present had considerably greater low-frequency energy content at frequencies below 1000 Hz, where power spectral density could be 20 dB greater at certain frequencies (Fig. 6) . There was some variation among incidences of boat noise but the associated power spectra were broadly similar (Fig. 7) . Peak frequencies were typically between 100 and 500 Hz when vessel noise was present.
Discussion
Anthropogenic noise is increasing in many parts of the oceans, yet the extent to which various acoustic frequencies and sound levels are changing are often uncertain, particularly in dynamic, coastal ecosystems. Because increased noise may affect the behavior and physiology of various marine organisms, detailed assessments of noise levels are needed for many habitats to better understand the extent to which animals may be exposed to increasing noise. The current effort represents an initial measure of small boat activity at three coral reefs in the U.S. Virgin Islands National Park. There was substantial overlap between vessel noise and the relevant frequency bands for fish communication and hearing. The abundance of boat noise on these reefs reflects the prevalence of this potential stressor. However, boat noise also stands out as an obvious cue to monitor the occurrence of human Fig. 7 . Four short clips of boat noise from randomly selected recordings from Tektite at 20:00, the time with most boat activity at that site. While there are differences among these recordings, the spectra follow a similar pattern, with elevated energy below 1 kHz. Color bar units are dB re 1 lPa. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) activity on these reefs and other coastal ecosystems, where such data is urgently needed.
In general, the pattern of boat noise observations would seem to reflect human activity, with more noise when people are awake and active (daytime) and little activity in early morning hours. Peaks near 08:00 could reflect transiting to or from mooring balls nearby. There were no differences in boat activity by day of week, which suggests relatively consistent activity irrespective of day. While it is uncertain precisely why Tektite demonstrated a substantial peak at 20:00, it may result from running engines or generators on nearby moorings.
Sound pressure levels pooled across reefs from the entire deployment period varied approximately 40 dB in the low-frequency band whereas levels varied only about 20 dB in the high-frequency band. This is likely a result of the fact that vessel noise is predominately low-frequency and therefore has a disproportionate effect on sound levels and variability below about 5 kHz.
The shapes of power spectra from vessel-free recordings was consistent with coral reef soundscapes in which the dominant sound source is snapping shrimp (Cato and Bell, 1992) , thus elevating acoustic energy at higher frequencies compared to open-ocean noise spectra (Hildebrand, 2009) . However, differences between the shallow water spectra reported here and open ocean spectra could also result from differences in acoustic propagation.
Acoustic recordings made in the presence of boats had lower peak frequencies and higher sound pressure values. In the absence of boat noise, peak frequency was relatively high (ca. 5 kHz) as a result of snapping shrimp acoustic activity, which is ubiquitous in tropical, coastal habitats (Table 3) . Lower peak frequencies at Tektite at night (when boats were detected less) could be a result of elevated fish calling activity at that site (Kaplan et al., 2015) . The range of peak frequencies when boats are present could be a result of variability with respect to vessel engine types, speeds, and distances to the hydrophone.
Fish sounds and hearing abilities (for species without auditory specializations) are largely below 1000 Hz (Popper and Fay, 2011; Tricas and Boyle, 2014) . The frequency overlap with vessel noise could result in masking of sounds vital to reproduction, feeding and territorial defense (Ladich, 2013) , adding another stressor on these already impacted reefs (Fig. 8) . While these sound levels were far below those which induce temporary hearing loss (Smith et al., 2004) , they occurred frequently, suggesting that the exposure durations and overall energy of introduced noise might be relatively high. It has been suggested that boat noise may impact the behavior of larval fish settling on reefs (e.g. Holles et al., 2013) . This might indicate that reefs exposed to boats such as these might see such impacts. This is a particular concern for reefs that are already declining in recruitment, and coral or fish abundance. Understanding the extent and mechanism of these effects is in its infancy and more work is needed to characterize the effects of this masking noise on behavior, recruitment and resiliency of reefs.
The trends shown here suggest that soundscape recordings can be used to track human activity. While relationships between container ship speed and sound level have been identified (McKenna et al., 2013) , such data is limited for smaller vessels. Thus, visual observations would help to assign noise signatures to vessel types and relate received levels to vessel speed. These measurements may be particularly valuable in marine protected areas such as this study site or in remote reefs where quantifying fishing or other human activity is needed.
Boat noise can be highly transient, varying in both space and time; accordingly, further investigations should use a duty cycle with higher temporal coverage in order to increase the probability that boats that do pass through a given area are detected. The development of automatic detection algorithms for boat noise have been hindered by the variable nature of this source (e.g. speed, engine size and type, direction of movement); however, using SPL as an aural and visual cue to determine when boat noise may be occurring potentially misses some low-amplitude sources. Thus, the development of a detector based on the distribution of energy across frequencies or on the temporal pattern of boat acoustic energy could increase the variety of sources that can be identified on acoustic recordings.
These are perhaps the first data describing the temporal, spectral, and sound level patterns of small boat noise on coral reefs. The data also provide a novel means of quantifying human usage. While the changes to coral reef soundscapes in the presence of vessel noise may be concerning, boat noise may also be used by managers interested in evaluating patterns of area use. Human activity Fig. 8 . Power spectra of the minimum, median, and maximum received levels of boat noise (thick lines), the hearing thresholds for a generalist, the sergeant major (Egner and Mann, 2005) , a specialist, the marine catfish (Popper and Tavolga, 1981) , and the frequency ranges of damselfish sound production (Maruska et al., 2007). in the marine environment is often challenging to quantify, and perhaps these passive acoustic measures could aid in evaluating the ecosystem services that these reefs provide.
